ABSTRACT: The identities and biochemical properties of extracellular enzymes present in natural environments are poorly constrained. We used a series of competitive inhibition experiments with samples from a freshwater environment (the Tennessee River at Knoxville, TN, USA) and a marine environment (Bogue Sound, NC, USA) to characterize the range of substrate specificities of naturally occurring enzymes that hydrolyze L-leucine 7-amido-4-methylcoumarin (Leu-AMC), L-proline-AMC (Pro-AMC), and L-arginine-AMC (Arg-AMC) -putative substrates for leucylaminopeptidase, prolyl-aminopeptidase, and arginyl-aminopeptidase, respectively. Extracellular peptidases which hydrolyzed Arg-AMC and Leu-AMC demonstrated affinity for up to 8 other amino acids, whereas those hydrolyzing Pro-AMC in the Tennessee River, and Arg-AMC at Bogue Sound, were more specific to proline and arginine, respectively. Patterns of substrate affinity showed that Leu-AMC (at both sampling sites) and Arg-AMC (at Bogue Sound) were primarily hydrolyzed by enzymes other than leucyl-aminopeptidase and arginyl-aminopeptidase, respectively. The set of naturally occurring peptidases in both environments showed greater affinity towards a subset of amino acids. These amino acids were on average larger, yielded more free energy from oxidation to CO 2 , and tended to be depleted in aged organic matter. These relationships indicate that pathways of amino acid diagenesis are at least partially controlled by the substrate specificities of the peptidases involved in protein degradation.
INTRODUCTION
Extracellular enzymes mediate the transfer of macromolecular organic carbon into the microbial loop. Investigations of the identities and activities of extracellular enzymes, as well as the controls on their function in aquatic environments, have therefore been seen as a key step towards understanding the controls on organic matter reactivity in aquatic ecosystems (Arnosti et al. 2014) . Biochemists frequently study enzyme function by extracting specific enzymes from tissue and measuring their properties in isolation. This approach has not been successful for environmental enzymes, however; purifying extracellular enzymes from environmental samples is analytically challenging because these enzymes are highly diverse (Arrieta & Herndl 2002 , Obayashi & Suzuki 2005 and are present in low concentrations relative to a large background of organic matter. Moreover, it is likely that efforts to isolate these enzymes would alter their activities and functional characteristics (Wang et al. 2012) . Environmental studies of extracellular enzymes are therefore typically restricted to measurements of the hydrolysis rates of added substrates that are meant to mimic macromolecules presumed to be present in the environment. These substrates may be unlabeled macromolecules (Liu et al. 2010) or macromolecules labeled with either fluorophores (Arnosti 1996 , Pantoja et al. 1997 , Pantoja & Lee 1999 or spin labels (Steen et al. 2006) , which allow analysis by election paramagnetic resonance spectroscopy. Most frequently, however, they are small fluorogenic substrate proxies (Hoppe 1983 , which consist of a small biologically relevant monomer or oligomer covalently bound to a fluorophore. Fluorescence of the compound is quenched until the fluorophore−biomolecule bond is cleaved. Enzyme activity is subsequently inferred from the rate of increase of fluorescence in the sample and is expressed in terms of the rate at which free fluorophore is liberated.
This method of assessing extracellular enzyme activity is rapid, sensitive, and inexpensive. However, interpretation of the resulting data is complicated by the fact that hydrolytic enzymes have variable, and sometimes broad, substrate specificities (Nomoto et al. 1960) . Hydrolysis of, for instance, L-leucyl-7-amido-4-methylcoumarin (Leu-AMC) is often interpreted as the potential activity of a single specific enzyme, leucyl-aminopeptidase, EC 3.4.11.1 (e.g. Steen & Arnosti 2013) , but this interpretation is not necessarily correct. Leu-AMC hydrolysis could also represent the concerted action of many distinct enzymes, each of which may display some activity towards N-terminal Leu, but preferentially hydro lyze different residues. Enzyme assays based on unlabeled (Liu et al. 2010) or fluorescently labeled oligopeptides (Pantoja et al. 1997 , 2009 , Pantoja & Lee 1999 have shown that amino acid sequence strongly influences hydrolysis rates of oligopeptides. The few studies which report hydrolysis rates of small fluorogenic peptidase proxies other than Leu-AMC show that different peptidase substrates may be hydrolyzed at very different rates (Obayashi & Suzuki 2005 , 2008b , Steen & Arnosti 2013 . Substrate specificities of peptidases expressed by pure cultures of marine bacteria have been investigated (Odagami et al. 1994 ), but the substrate specificities of the mix of peptidases naturally present in aquatic samples is unknown. It is therefore not clear how to correctly interpret the hydrolysis rates of multiple small substrate proxies measured in parallel on the same sample; they could reflect the activities of multiple, highly substrate-specific enzymes, or they could reflect overlapping activities of substrate-unspecific enzymes (Fig. 1 ). This distinction is important for the interpretation of small substrate proxy-based enzyme assays. If each small-substrate proxy represents the activity of a distinct, substrate-specific enzyme, the total environmental peptidolytic potential is best approximated by the sum of V max values of many small-substrate proxies. Conversely, if enzymes are generally substrate nonspecific, the highest individual V max measured most closely approximates the total environmental peptidolytic potential.
The goal of this project was to quantitatively determine the substrate specificities of several aminopeptidases in a freshwater environment (the Tennessee River at Knoxville, TN, USA) and a marine environment (Bogue Sound, NC, USA). These peptidases are likely derived from a range of sources including prokaryotes as well as protists (Thao et al. 2014) . To accomplish this, we determined the affinity of 12 amino acid-p-nitroanilide compounds (Xaa-pNA) for the naturally occurring enzymes hydrolyzing 3 fluoro genic peptidase substrates: L-leucine-AMC (Leu-AMC), Larginine-AMC (Arg-AMC), and L-proline-AMC (Pro-AMC), which are substrates for leucyl-, arginyl-(EC 3.4.11.6), and prolyl-aminopeptidase (EC 3.4.11.5), respectively. (In order to maintain a simpler kinetic model, we only examined activities of aminopeptidases rather than endopeptidases such as trypsin or chymotrypsin). We determined these affinities by measuring the extent to which each Xaa-pNA competitively inhibited the hydrolysis of each AMC substrate. These competitive inhibition experiments revealed the functionality of the set of enzymes that hydro lyze each small fluorogenic substrate proxy, without requiring isolation or purification of those enzymes. 
MATERIALS AND METHODS

Measurements of substrate hydrolysis rate v 0
Arg-AMC, Leu-AMC, and Pro-AMC (collectively Yaa-AMC) hydrolysis rates were measured in the Tennessee River at the Volunteer Landing dock in Knoxville, TN, and in Bogue Sound from the University of North Carolina Institute of Marine Sciences Dock in Morehead City, NC, on the dates listed in Table 1 . Surface water samples were collected by bucket and immediately transported to the laboratory (<10 min transit time). Hydrolysis rates were measured in unfiltered water at room temperature (22 ± 0.5°C). For each combination of Xaa-pNA substrate, Xaa-pNA concentration, and Yaa-AMC substrate, 1 ml of unfiltered sample was added to a 2 ml methacrylate cuvette and amended with buffer at approximately in situ pH (Tennessee River: 100 mM phosphate buffer, pH = 7.6; Bogue Sound: artificial sea water made from Sigma-Aldrich sea salts, salinity = 30, pH = 8.2) plus 16 µl AMC substrate (10 mM stock, in DMSO [dimethyl sulfoxide], for a concentration of 138 µM), plus between 0 and 36 µl of Xaa-pNA (10 mM stock, for a final concentration of 0 to 314 µM), plus a volume of DMSO (0 to 36 µl DMSO depending on the volume of Xaa-pNA stock added) such that the final quantity of DMSO in all samples was equal (3.4% DMSO v/v). Cuvettes were capped and mixed prior to incubation.
Fluorescence was measured using a Quanti-Fluor ST solid state fluorometer set to the 'UV' mode. For each cuvette, fluorescence was measured 4 to 6 times over the course of a 2 to 4 h incubation. In all cases, the relationship between fluorescence and time was linear, indicating that production or degradation of enzymes during the experiment was negligible. Temperature and the fluorescence of a standard were monitored every ca. 3 min (Steen & Arnosti 2011) to assess the stability of fluorescence measurements; both temperature and instrument response were stable during the course of each incubation.
Competitive inhibition experiments
Kinetics of hydrolytic enzymes may be described by the Michaelis-Menten equation such that:
( 1) where v 0 is the observed hydrolysis rate, V max is the maximum theoretical hydrolysis rate, [S ] is the substrate concentration (here, Yaa-AMC), and K m is the half-saturation constant. While environmental hydrolases do not always obey Michaelis-Menten kinetics (Steen & Ziervogel 2012) , each fluorogenic substrate exhibited Michaelis-Menten kinetics at each site in this study.
In the presence of a competitive inhibitor (XaapNA), K m is reduced by a factor of 1
is the concentration of the inhibitor and K I represents the affinity between the enzyme active site and the inhibitor (a lower K I represents a greater affinity) (Leskovac 2003) ; thus:
In this experiment, K I represents the affinity between a pure inhibitor (Xaa-pNA) and the mixed set of enzymes that hydrolyze a specific Yaa-AMC. Xaa-pNA substrates were chosen as competitive inhibitors for 2 reasons. First, they are considerably less expensive than custom-synthesized oligopeptides. Second, the pNA moiety is structurally more similar to AMC than to an amino acid, in that both compounds contain an aromatic ring and lack the same charge separation found in amino acids. Therefore, the kinetics of Yaa-AMC hydrolysis in the presence of Xaa-pNA are more influenced by differences in the N-terminal amino acid (Yaa vs. Xaa) than by differences in C-terminal moiety (pNA vs. AMC); differences in residue chemistry on the C-terminal side 
Verification of the kinetic model
The kinetic model described in Eqs. (1) to (5) assumes a system consisting of a single, purified enzyme obeying Michaelis-Menten kinetics, a single substrate, and a single competitor. In environmental samples, multiple isofunctional enzymes were almost certainly present (Arrieta & Herndl 2002) . To validate this model for a system containing mixed, isofunctional enzymes, we simulated a system with 10 isofunctional enzymes. Each simulated enzyme had the same V max , but different K m and K I values. These conditions maximize the possibility of observing a divergence between the apparent simulated kinetics of the mixed enzymes and the kinetic model we employed. K m values were randomly selected from a uniform distribution between 10 and 100 µM, and K I values were randomly selected from a uniform distribution between 100 and 1000 µM. Defining v obs as the sum of v 0 that would be observed in this theoretical system of mixed enzymes, the linearity of 1/v obs as a function of [I ] was assessed (a linear relationship would indicate that the model approximations are reasonable).
Finally, we note that 2 types of natural inhibitors were likely present in our sample: protein-like material (i.e. peptidase substrate, which would act to competitively inhibit hydrolysis of Yaa-AMC) and potential nonspecific inhibitors such as humic substances. Since the concentration of these natural inhibitors was the same in each treatment, and was likely low relative to the concentration of added Xaa-AMC (up to 314 µM), the presence of these inhibitors was unlikely to substantially affect the results reported here. Finally, because we report all results as normalized relative to a K I,ref (Eq. 5) , the presence of inhibitors should not bias the results presented here.
Correction for quenching by Xaa-pNA
Xaa-pNA slightly quenches AMC fluorescence, likely due to weak optical absorbance by p-nitroanilide within AMC's excitation band. We quantified this effect by measuring fluorescence of 10 nM AMC at Xaa-pNA concentrations varying from 0 to 314 µM, at pH 7.6 and at pH 8.2 (DMSO was added to each standard, such that the total volume of DMSO in each standard was 36 µl regardless of the concentration of Xaa-pNA). This quenching was modeled with an exponential function, such that: (6) where fl obs is the observed fluorescence in the presence of concentration K I of Xaa-pNA and fl 0 is the corresponding unquenched fluorescence. The quenching coefficient k was determined by nonlinear least-squares regression, and unquenched fluorescence values (fl 0 ) were calculated based on observed fluorescence values (fl obs ) and measured k.
Evaluation of the effect of DMSO on enzyme kinetics
To assess whether enzyme kinetics were influence by DMSO at the concentration used in this work (3.4% v/v), we measured saturation curves for Leu-AMC hydrolysis in Tennessee River waters at DMSO concentrations between 0 and 5% v/v using a technique based on the recommendations of . Up to 30 µl Leu-AMC stock (2 mM Leu-AMC dissolved in MilliQ-H 2 O without DMSO) were added to wells of a black 96-well plate. Then, 0 to 12.5 µl DMSO were added to each plate, plus 25 µl phosphate buffer (0.2 M, pH 7.4) and a compensatory volume of MilliQ-H 2 O such that the combined volume of Leu-AMC stock, DMSO, and water totaled 62.5 µl. Tennessee River, collected 2 June 2014, was added to each well. Fluorescence (excitation = 360 nm, emission = 440 nm) was measured every 5 min in a BioTek CytoSense3 plate reader over the course of 1 h. The incubation temperature was 26°C. Hydrolysis rates were calculated as described at the start of the 'Materials and methods'.
Data analysis
All statistical analyses were performed using the R statistical platform (R Core Team 2013). Plots were created using the ggplot2 package (Wickham 2009 ). Where residuals were homoscedastic the correlations were assessed using linear least-squares models. When this was not the case, Spearman's ρ was employed. An R package containing all raw data and functions to reproduce the analysis presented here is available at http://github.com/adsteen/subspec.
RESULTS
Validation of the kinetic model
Simulations showed that the inhibition kinetics of a mixed system of isofunctional enzymes, such as those that exist in aquatic environments, are nearly identical to the simplified system modeled in Eqs. (1) to (5). The root-mean-square deviation between the kinetics of the 10 simulated enzymes (1/v obs ) and modeled kinetics based on Eq. (3) was only 0.11% (Fig. 2) , showing that Eqs. (1) to (5) constitute a reasonable model for the competitive inhibition in the systems investigated here.
Hydrolysis of Pro-AMC in the Tennessee River was too slow to accurately measure K I , so those data are excluded from the subsequent discussion. Otherwise, uninhibited kinetics of substrate hydrolysis obeyed Michaelis-Menten kinetics (Fig. 3) . Plots of 1/v 0 versus [I ] were generally linear at each site and for each substrate (Fig. 4) , as predicted by Eq. (3), indicating that Xaa-pNA compounds inhibited Yaa-AMC hydrolysis via competitive inhibition rather than any other mechanism.
Correction for fluorescence quenching by
Xaa-pNA
Fluorescence quenching of Yaa-AMC by Xaa-pNA empirically fit Eq. (6) (data not shown). Neither buffer pH nor the identity of the Xaa-pNA inhibitor significantly affected the fitted value of k, so a single k value of 1.33 × 10 −3 ± 3.4 × 10 −5 µM −1 was used to calculate fl 0 in each experiment, based on Eq. (6) Table 1 for abbreviations). Pro-AMC was not detectable in the Tennessee (TN) River, so no saturation curve was measured. 
Effect of DMSO on enzyme kinetics
At DMSO concentrations of 4% or less, DMSO concentration had no effect on K m (p > 0.01; Fig. 5 ); 5% DMSO markedly increased K m . DMSO at lower concentrations had a significant but weak effect on observed V max : relative to a solution with no DMSO, each additional percentage point of DMSO concentration decreased V max by 6 ± 1.8 percentage points. The V max estimation at 5% DMSO concentration was less reliable than the others, because only 2 data points in the saturation curve were measured at concentrations above K m . (Fig. 6) . In many cases, the Xaa-pNA with the lowest K I /K I,ref was not the homologous residue. For instance, in Bogue Sound, 5 Xaa-pNA substrates (Arg-pNA, GlupNA, Met-pNA, Phe-pNA, and Pro-pNA) were better competitors for enzymes hydrolyzing Leu-AMC than was Leu-pNA. Arg-AMC in the Tennessee River was the only example for which the homologous residue displayed the lowest K I . For Pro-AMC in the Tennessee River, Pro-pNA displayed the second-lowest K I .
Patterns of competitive inhibition
There was no clear relationship between amino acid R-group chemistry and peptidase affinity. Neither R group hydrophobicity, as quantified by Kyte & Doolittle (1982) , nor the absolute value of the difference between inhibitor R group hydrophobicity and the hydrophobicity of the homologous R group was significantly correlated to K I /K I,ref , irrespective of whether each Yaa-AMC substrate and location was considered separately (n = 12, p > 0.05 for each relationship) or the entire data set was considered as a whole (n = 60, p = 0.35). R group functional class (acidic polar, neutral polar, basic polar, or neutral nonpolar) did not predict K I /K I,ref either (ANOVA using log-transformed K I : p = 0.21, df = 56). Three interrelated factors did predict K I /K I,ref for specific amino acids. K I /K I,ref was negatively related to degradation index (DI) loading (Spearman's ρ = −0.35, p = 0.013, n = 50; for this analysis we used the loadings reported by Dauwe et al. 1999) . For aspa ragine and glutamine, we used the loadings reported for aspartic acid and glutamic acid, respectively, since the sample hydrolysis protocol used by Dauwe and colleagues deaminates the former 2 residues to produce the latter 2 residues. K I /K I,ref was also negatively correlated to residue molecular weight (Spearman's ρ = −0.60, p < 1 × 10 −6 , n = 60) and positively correlated to free energy of complete oxidation to CO 2 (ΔG r ; Amend & Shock 1998) under typical seawater conditions (Spearman's ρ = 0.38, p = 0.0031, n = 60; Fig. 7 ).
DISCUSSION
At both sites, peptidases hydrolyzing Yaa-AMC displayed higher affinity (lower K I /K I,ref ) for some non-homologous amino acids than they did for the homologous residue (Fig. 6) , indicating that extracellular aminopeptidases at each site are substrate unspecific. This result complicates the interpretation of enzyme assays based on small-substrate analogs. For instance, in this study, measurements of uninhibited Leu-AMC hydrolysis rates primarily represented the activities of enzymes that preferentially hydrolyze N-terminal arginine, methionine, and tyrosine, among other residues. Those enzymes are therefore arginyl-, methionyl-, or tyrosyl-aminopeptidases (or others), not leucyl-aminopeptidase.
A similar mismatch between the presumed and actual identities of enzymes hydrolyzing N-terminal leucine has previously been reported (Christian & Karl 1998) . Addition of 80 µM L-Leu dimers to surface seawater samples taken near the Antarctic Peninsula only reduced the hydrolysis rate of the aminopeptidase substrate L-leucyl-napthylamine (35 µM) by 10%, implying that the enzymes hydrolyzing Lleucyl-napthylamine interacted only weakly with leucine dimers. Interestingly, dimers of L-Met, L-Glu, and L-Gly in that study inhibited hydrolysis of Lleucyl-napthylamine at least as much as L-Leu dimers did, consistent with the data presented here that enzymes other than leucyl-aminopeptidase were primarily responsible for hydrolyzing N-terminal Leu enzyme substrates.
Influences on substrate affinity
The correlations between K I /K I,ref and molecular weight, Dauwe DI loading, and ΔG r for oxidation to CO 2 suggest that substrate specificities of peptidases may be subject to selective pressure and may have geochemical consequences.
DI is an index based on principal components analysis of total hydrolysable amino acid content (THAA) in marine sediments, which describes the diagenetic status of organic matter in terms of the relative proportions of amino acids in the sample. According to this index, each amino acid is assigned a loading. Negative DI loadings indicate amino acids that are relatively more abundant in fresh organic matter, whereas positive DI loadings indicate amino acids that are relatively enriched in more degraded organic matter. While DI does not accurately describe amino acid diagenesis everywhere it has been applied (Davis et al. 2009) , it is applicable to a wide range of environments (Burdige 2006 (Fig. 7) indicated that those residues for which a broader range of peptidases have higher affinity are removed more rapidly from bulk organic matter during early diagenesis. Aminopeptidases employ a wide variety of mechanisms to bind substrate at the active site (Wilce et al. 1998) . We were unable to identify a simple biochemical mechanism that could cause this trend. We propose that DI loadings may be driven in part by patterns of peptidase substrate specificity. The reason for this could be ecological: microorganisms might produce extracellular peptidases with higher specificity for larger amino acids because they would provide more carbon (and in some cases nitrogen) or free energy per peptide bond cleaved than would smaller amino acids. These results suggest a scenario in which extracellular peptidases are under selective pressure to be more active towards larger amino acids, which would provide more free energy upon metabolism. The cumulative result is that larger amino acids with more negative ΔG r values are preferentially removed from sediments, thus giving rise to the patterns of amino acid diagenesis that have been quantified using DI.
Implications for interpreting enzyme assays
The general reliance of the aquatic ecology community on Leu-AMC to assay a broad class of enzymes potentially presents an unrealistically nar- row view of the types of extracellular peptidases present in aquatic environments. The few studies in which fluorogenic substrates other than Leu-AMC have been applied (e.g. Obayashi & Suzuki 2005 , 2008a , Steen & Arnosti 2013 show that a diverse but variable set of peptidases is active in aquatic environments. Use of Leu-AMC as a proxy for total peptidase is therefore potentially misleading; Leu-AMC hydrolysis accounts for a variable (Steen & Arnosti 2013 ) and often small (Obayashi & Suzuki 2005 , 2008b , Bong et al. 2013 ) fraction of total peptidolytic potential. The results here demonstrate that Leu-AMC hydrolysis does not even necessarily reflect the activity of leucyl-aminopeptidase in a given environment. For instance, the enzymes hydrolyzing Leu-AMC at Bogue Sound were better described as arginine-, glutamine-, methionine-, phenylalanine-, and tyrosine-aminopeptidases, since they were more specific for those N-terminal residues than they were for leucine. Previous studies of peptidase activities in aquatic environments should be interpreted in light of the fact that many peptidases other than leucylaminopeptidase likely contributed to the activity of 'leucyl-aminopeptidase' as assayed by Leu-AMC. In some studies, V max for Leu-AMC hydrolysis is interpreted as a quantitative proxy of the total peptidolytic potential of a community (Kellogg et al. 2011) . The results presented here show that approach to be invalid. In other studies, changes in V max for Leu-AMC hydrolysis are used as a response variable to assess changes in the peptidolytic potential of microbial communities among experimental treatments, locations, or time points (Allison et al. 2012) . When enzyme activities are used in this way, the fact that multiple peptidases hydrolyze Leu-AMC is helpful, in the sense that Leu-AMC hydrolysis rates integrate + (ΔG r ). The dark line represents a linear least-squares regression; the shaded area represents the 95% confidence interval for that regression the activities of a wide range of specific enzymes. Leu-AMC hydrolysis therefore presents a more complete picture of community protein demand than it would if aquatic peptidases were highly substrate specific and Leu-AMC were only hydrolyzed by leucyl-aminopeptidase.
Primary producers synthesize thousands of distinct proteins and peptide-containing molecules. Although these proteins are typically measured in bulk after protein hydrolysis, e.g. as 'total hydrolysable amino acids' (Lindroth & Mopper 1979) , their degree of bioavailability depends on their specific chemical properties: primary, secondary and tertiary structure, post-translational modifications, and physical associations (for example, sorption to mineral surfaces, incorporation in complexes, etc.; Arnosti 2011). The substrate specificities of aquatic peptidases therefore determine the number of individual peptidases a community must produce to efficiently mineralize available proteins. The results presented here demonstrate that multiple extracellular peptidases are required to hydrolyze the full range of proteins that might exist in aquatic environments. This means that the ability to consume a specific subset of proteinaceous organic matter may define an ecological niche, and microbial taxa which express different peptidases inhabit different ecological niches (Zimmerman et al. 2013 ). To gain a better mechanistic understanding of the process by which heterotrophic microbial communities mineralize proteinaceous organic matter, a better understanding of the specific biochemical properties of microbial peptidases is required. 
